Direct numerical simulations (DNS) are used to simulate the decay of an isotropic, turbulent, chemically-reacting flow at high temperatures. The independent parameters that govern the physical process are introduced. The different effects from each of the parameters in the flow are explained by using the results from the DNS. It is found that there is a feedback mechanism between the chemical reactions and the turbulent motion. This feedback is positive for exothermic reactions and negative for endothermic reactions. University of Minnesota, Minneapolis MN 55455 Abstract Direct numerical simulations, (DNS), are used to simulate the decay of an isotopic, turbulent, chemically-reacting flow at high temperatures. The independent parameters that govern the physical process are introduced. The different effects from each of the parameters in the flow are explained by using the results from the DNS. It is found that there is a feedback mechanism between the chemical reactions and the turbulent motion. This feedback is positive for exothermic reactions and negative for endothermic reactions.
I. Introduction
The research conducted In flows such as hypersonic boundary layers, where the flow is turbulent, reacting, and the temperatures are up to 10,000 K, the rate of reaction is determined by the temperature. To accurately model this type of flow, one of the issues that must be addressed is the understanding of the physical phenomena driving the interaction between the chemical reactions and the turbulent motion, and the behavior of the nearly universal small scales.
Because the reaction rate varies exponentially with temperature, turbulent temperature fluctuations significantly affect the rate of reaction. Depending on whether the reaction is exothermic or endothermic, the interaction between the chemical reactions and the turbulent flow will give rise to different states of the flow. This has a significant affect on the stability of the flow field. For an endothermic reaction, a temperature fluctuation that causes a rise in temperature will result in an increase in the reaction rate, and consequently, a reduction in temperature. As we show later, this effect tends to stabilize the flow. The opposite will occur in the case of an exothermic reaction.
In this paper, we study the interaction of homogenous isotropic turbulence with chemical reactions at very high temperatures. We use direct numerical simulations (DNS) to solve the Navier-Stokes equations, with additional equations for the conservation of each chemical species. We use a sixth-order accurate finite-difference method based on a compact Fade scheme 1 , with fourth-order, low storage RungeKutta time integration.
The main objective of this paper is to illustrate the effects of chemical reactions on the turbulent motion. To do so, we introduce the equations of motion of a reacting fluid in section II. In section III, we present the non-dimensional parameters that govern-the physical phenomena. In section IV, because of the complexity of the problem, we introduce some simplifications that help isolate the important effects. In section V, we present a range of initial conditions for the direct numerical simulations. Then in section VI, we introduce the results corresponding to the range of initial conditions. And in section VII we conclude with a discussion of the physical phenomena that are caused by the interaction between the turbulence and chemical reactions.
II. Governing Equations
The time-dependent equations describing the motion of a reacting flow with no contribution of vibrational modes are given by the species mass, massaveraged momentum, and the total energy conservation equations: 
where w s represents the rate of production of species s due to chemical reactions; p s is the density of species s; u } is the mass-averaged velocity in the j direction: v s} is the diffusion velocity of species s; p is the pressure; Ty is the shear stress tensor given by a linear stress-strain relationship, _2 *** 6j .. (2) QJ is the heat flux due to temperature gradients; and /*., is the specific enthalpy of species s; fj, is prescribed (   T \ n Y~ \ , where n = 0.7722, from Gupta et al for the dissociation of Nj, and /^0 is computed from a Sutherland law at 300 K; E is the total energy per unit volume given by:
where c vs is the specific heat at constant volume of species s; and h° represents the heat of formation of species s.
To derive the expression for w s , consider a reaction where species SI reacts to form species S2; the reaction may be symbolically written as:
where M is a collision partner, which is either SI or S2 in this case. The source terms for SI and S2 can be written using the law of mass action:
and ws2 = -wsi, where kf and &(, are the forward and backward reaction rates respectively. These are written as:
For two species, the diffusion velocity can be accurately approximated using Pick's law:
.dc s where c s = p,/p is the mass fraction, and D is the diffusion coefficient given in terms of the Lewis number: DpPr Le = (8) where Pr is the Prandtl number, Pr = c p n/k, and Le is taken to be 1, so that the energy transport due to mass diffusion is equal to the energy transport due to thermal conduction.
III. Assumptions
Because of the complexity of the problem, and for our purposes without loss of generality, we introduced the following assumptions: We assume a reaction in which the reactants and the products have the same properties. Then SI and S2 in Eq. 4 have the same molecular weight. With this assumption, the specific heats remain constant, and so does the gas constant. We assume the following forward rate of reaction:
where (T) is the ensemble average of the temperature. With this assumption, we isolate the turbulent effects in the rate of reaction. If there are no turbulent fluctuations, the reaction rate is a constant, C. A positive fluctuation still causes the reaction rate to increase, as described by Eq. 6. Thus, we retain all of the relevant properties of the Arrhenius form of the rate of reaction. We assume that the equilibrium constant for the reaction is not a function of the temperature. With this assumption, we fix the equilibrium chemical state.
We have compared this model with the real case for the dissociation of nitrogen molecules; and these assumptions do not cause lost of generality.
IV. Governing parameters
In this section, we introduce the non-dimensional numbers governing the physical process. For high levels of Mj and Re\, the interaction between the eddy motion and the random noise will be strong, and they will feed each other. At low levels of M t and Re\ they are independent of each other.
The Damkohler number is the ratio of the turbulent time scale, r t , to the chemical time scale, T C , and is directly proportional to the reaction rate.
Finally, A/i° is the ratio of energy released or absorbed by the chemical process to the internal and kinetic energy. A negative value indicates an endothermic reaction, and a positive value an exothermic reaction. We will see that increasing the values of A/i°i ncreases the magnitude of the temperature fluctuations, and vice-versa.
V. Numerical Simulations
In this section we present the numerical simulations for three-dimensional, compressible, homogeneous, isotropic, reacting turbulent flow. The numerical method used is based on the method previously used by Lee et al. The simulations were performed on meshes with (64) 3 , (96) 3 , and (128) 3 points following the criterion given by Reynolds. 4 The computational domain is a periodic box with length 2?r in each direction. The velocity field is initialized to an isotropic state prescribed by the following spectrum:
where A is a proportionality factor that depends on the initial conditions, k are integer non-dimensional wave numbers, and k 0 is the most energetic wavenumber, which is set equal to 4. We adopt the same initial conditions used by Lee et al. 3 and include the initial chemistry conditions. We run cases with combinations of A/i° = -0.5, 1.0, 1.5, and 2.0; Da = 0.5, 1.0, and 2.0; M t = 0.173, 0.346, and 0.519; and Re x = 25.0, 34.5, and 50.0. We also specify the initial density and temperature as po = 1.0 kg/m 3 and T 0 = 6462 K, with zero initial fluctuations. We use SI = S2 = N, with initial csi = 1 and 032 = 0. We choose K eq -1, so that equilibrium is reached when csi = 032 = 0.5.
The chemical reactions are turned off until the initial field has evolved to realistic turbulence. Because the initial field is incompressible, we use values of velocity derivative skewness, Si, to predict the onset of realistic turbulence. Experimental data presented by Tavoularis et al. 5 and Orszag et al. 6 shows that
Si ranges in [-0.6 : -0.35] for realistic turbulence at Re\ near 50. All results are presented starting after the turbulence has developed into realistic turbulence.
The following section presents the results from the numerical simulations and illustrates the effect of each of the four governing parameters.
VI. Results
Let us now focus on how the chemical reactions affect the gas dynamics. Consider Figure la, which plots the average of the reactant mass fraction for AF = 1.0, Da = 1.0, MJ = 0.346, and Rex = 34.5.
We observe that at t/r t = t/r c = 2.0, the reactant concentration asymptotically approaches equilibrium.
Due to the exothermic nature of the conditions chosen, the average temperature of the flow increases rapidly for the reacting case. For the non-reacting simulation, the temperature increases slightly as the turbulence decays. This can be seen in netic energy decreases slightly faster for the reacting simulation. Note that from Fig. la , the reaction rate is fastest up to t/r t = 0.2. After that the exothermic reaction is still reaching the chemical equilibrium, but at a slower rate. This means that the rate at which heat is being released into the flow is considerably lower than at the previous time.
Turbulence is dissipative, and it needs a continuous supply of energy to keep from decaying. For homogeneous flow, the dissipation is given by the following expression:
where v is the dynamic viscosity. Moyal 7 decomposed the velocity field, u(x), in Fourier space into solenoidal (divergence-free) u , and dilatational (curlc free) u components:
Then the dissipation can be written as:
where isotropic conditions have been assumed, and where E^K) and E°(k) represent solenoidal (divergencefree) and dilatational (curl-free) components of the energy spectrum: Between t/r t = 0.2 and t/r t = 1.75, the compressible energy mode increases slightly. After t/r t = 1.75, both energy spectra decrease in the large scale range, while increasing in the small scale range in a similar fashion. We observe that the incompressible modes are higher for the reacting case. Also, the compressible modes are more than one order of magnitude larger. From Eq. 15, we see that the dissipation will be higher for the reacting simulation, which accounts for the slightly more rapid decay of the kinetic energy, as seen in Fig. Ic .
The root mean square of the temperature fluctuations, Tr min also decreases as the species react to form the products. Figure 3 shows the temporal evolution of the rms temperature fluctuations for the reacting and non-reacting simulations. We observe that the temperature fluctuations reach much higher values in the case of the exothermic reaction than in the non-reacting simulation, and then they very slowly decay. 
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To explain the behavior of these fluctuations, we introduce the linearized form of Eq. 9:
A positive temperature fluctuation causes an increase in the source term, and vice versa. From this expression, it can be deduced that as the rate of reaction slows down and the formation of products decreases, temperature fluctuations will slowly decrease towards a quasi steady value.
A. Relative Heat Release Results
In the following results we illustrate the effects of the variations of the relative heat release for moderated Da. Mt, and Re\, namely Da = 1, M t = 0.346, and Re\ = 34.5. Consider Fig. 4 , which plots the temporal evolution of the average temperature in time. As we increase the exothermicity of the reaction, the average temperature increases towards a higher equilibrium value. As the relative heat released into the flow is increased, the turbulent kinetic energy decays more slowly. Figure 5a plots the temporal evolution of turbulent kinetic energy for the different exothermic reactions. It should be noted that when Aft 0 = 1, there is an initial period of time when the turbulence is enhanced. When the initial relative heat release is increased farther, the turbulent kinetic energy is considerably enhanced, maintaining and feeding the turbulence. Figure 5b shows the evolution of the relative compressible energy, ratio x-
The initial value of x is very low, and for the case of endothermic reaction, \ remains very small as the turbulence evolves in time. For A/i° = 1.0, the relative compressible kinetic energy increases to 10%
at t/Tt = 3.0. For Aft° = 1.5, \ increases up to 21%. A further increase in the relative heat release to A/i° =2.0 causes x to increase rapidly, reaching 35% of the total kinetic energy at about t/r t -1.1.
This enhancement of compressibility is reflected in the rms fluctuations in density as shown in Fig. 5c . For the case of an endothermic reaction, the fluctuations in density are damped from their original value.
As the heat release is increased, the fluctuations in density increase, indicating an increase of compressibility in the flow.
Consider the energy spectrum of the flow field decomposed into its dilatational (curl-free) and solenoidal (divergence-free) components at different times. In Fig. 6a , we observe that the compressible modes are about three orders of magnitude less energetic than the incompressible modes for the non-reacting case.
As time evolves, the compressible energy spectrum remains nearly the same, whereas the incompressible modes decrease in the large scale range, and increase in the small scale range as the turbulence decays. Figure 6b shows the spectra for the endothermic simulation. The compressible modes are still three orders of magnitude below the incompressible modes. As time evolves, they decrease further over all scales. The incompressible modes decrease slightly more in the large scale range for the endothermic case than in the non-reacting case. Figure 6c plots the energy spectra for Aft, 0 = 1. The compressible modes are about one order of magnitude higher in this case than in the non-reacting case. However, the incompressible modes preserve the same characteristics in the large scale range as the non-reacting simulation. In the range of small scales, the incompressible modes increase through a period of time t/rt = 0.3, after that they remain nearly constant. 
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Consider Figure 7 , which plots the three dimensional dilatational and solenoidal energy spectra, for A/i° = 2 at various times. The compressible modes increase by another order of magnitude with respect to the previous case, almost reaching the incompressible modes in the large scale range. The compressible modes are dominant in the small scale range. In Figure 8 we observe a remarkable increase in the magnitude of the temperature fluctuations when the heat release is increased. Because the magnitude of T' rms increases as we increase the exothermicity of the reaction, the reaction rate increases. After equilibrium has been reached the magnitude of Tj. ms is nearly maintained for the exothermic simulations. 
B. Damkohler Number Results
The Damkohler number is the ratio of the turbulent time scale to the chemical time scale. Therefore, an increase in Da will cause an increase in the reaction rate, which in itself causes more rapid heat release if the reaction is exothermic. Therefore, as Da increases we expect that the species will reach chemical equilibrium in a shorter time. To illustrate the effects of the Damkohler number, we consider a case of moderate heat release, turbulent Mach number, and Reynolds number, namely A/i° = 1, Alt = 0.346, and Re^ = 34.5.
Consider Fig. 9a . which shows the temporal evolution of the average concentration of reactant species. We observe that the reactants asymptotically aproach equilibrium at t/r t -2.0, and 1.0 for Da = 1.0, and 2.0 respectively. The simulation corresponding to Da = 0.5 has not reached chemical equilibrium at t/T t = 3.0. Figure 9b plots the evolution of the turbulent kinetic energy. Initially, for a short period of time, the turbulence is enhanced with increased Da. However, as time evolves, the kinetic energy decay is slightly faster for higher values of Da. This is due to an increase in the dissipation due to compressibility effects. See Eq. 15. The three simulations reach nearly the same value of (q/q 0 ) 2 at t/t T -3.0. 
C. Turbulent Mach Number Results
To describe the effects of the turbulent Mach number, we choose a case of moderate Damkohler number, relative heat release, and Reynolds number, namely A/i° = I, Da = 1, and Re x = 34.5.
Our results show no effect of M t on the rate of reaction. Figure lla plots the temporal evolution of the average temperature. As the initial turbulent Mach number is increased, the average temperature reaches higher values because more kinetic energy is dissipated and converted to internal energy. For the same simulations, Fig. lib shows the decay of kinetic energy. For M t = 0.346, the turbulence is enhanced initially until t/r t = 0.2. The same characteristic is observed for the case of M t = 0.519, where the turbulence is enhanced even more than in the previous case until t/r t -0.28. After that, and for all cases, the kinetic energy decays. It appears that the higher the initial Mach number, the steeper the decay will be. As expected, the compressibility of the flow increases for higher initial Mach number simulations. Figure 12 plots the evolution of the relative compressible energy, x, for the simulations described above. Figure 13 shows the solenoidal and dilatational components of the energy spectra at t/r t -1.75. While the incompressible modes contain similar characteristics for the three simulations, the compressible modes are enhanced over all scales for higher initial turbulent Mach numbers. Finally, consider Figure 14 which plots the temporal evolution of the rms temperature fluctuations. We observe that for higher initial Mach numbers, the rms temperature fluctuations are higher at t/r t = 0.0, and the reacting process begins, T{. ms increases. Then, as chemical equilibrium is reached, T^m s settles down to a quasi steady value.
D. Reynolds Number Results
From the direct numerical simulations we concluded that the is verv little effect due to different initial Reynolds numbers. We observe no variation in the rate of reaction. Due to the smaller dissipation of a higher Reynolds number simulation, the temperature increases more slowly. The rms temperature fluctuations reach higher values as we increase the Reynolds number. This must also be due to the lower dissipation in the flow. The increase in the compressibility of the flow is almost negligible.
VII. Discussion
The different effects of the independent initial parameters that govern the interaction process between the turbulent motion and the chemical reactions have been described in the previous section. The two most striking characteristics of the interaction are the large increase in the rms temperature fluctuations and the large increase in the compressibility of the flow, caused by increases in the exothermicity of the reaction. As mentioned previously, a positive turbulent temperature fluctuation causes an increase in the reaction rate and vice versa. From these results we can conclude that a physical mechanism with feedback between the turbulence and the chemical reactions takes place. As shown, the feedback is positive for exothermic reactions, and negative for endothermic reactions. In the following, we discuss the physical mechanism that takes place in the flow field.
A. Interaction Mechanism
To explain the physical phenomena driving the interaction between the turbulent motion and the chemical reactions, we must address three issues: (1) the maintenance of the turbulent motion due to the heat released to the flow; (2) the explanation of the appearance of density, and pressure fluctuations in the turbulent motion; and (3) the magnification of temperature fluctuations due to the feedback process between the turbulent motion and the chemical reactions. The first two issues are explained in this section. Because of the importance of the third issue, it is left to be explained in the next subsection.
We have corroborated the theoretical results of where Si is the entropy associated with changes in the thermodynamic state, and where S s is the entropy associated with the formation or destruction of 
h°s is the standard heat of formation of species s, M s is the molecular weight of species s, and /u° is the chemical potential for the reaction. The influence of the chemical heat release is subtracted from the production of vorticity. Greenberg deduced that due to the symmetry of the problem, the second term in Eq. 20 does not contribute to the production of vorticity. And therefore, the indirect contribution to vorticity from the chemical heat release must be in the vortex stretching and turning terms and in the production of vorticity due to compressibility effects in the vorticity equation. Our results agree with this statement. However, the gradients of temperature and species concentration will be parallel to one another if the flow is in chemical equilibrium. But if the flow is in non-equilibrium, there will be a time lag between the gradients of temperature and species concentration. Therefore, these vectors will not necessarily be parallel, adding some asymmetry to the problem. We need to further study the influence of this term on the vorticity production.
B. Temperature Fluctuations
The magnitude of the temperature fluctuations is strongly affected by the the rate of reaction, and the amount of heat released into the flow. To explain the dependence on the first factor, consider Eq. 18. The reaction rate is proportional to the temperature fluctuations. In the case of an exothermic reaction, a positive turbulent fluctuation will cause an increase in the rate of reaction. This in effect causes more turbulent fluctuations in density and pressure as explained previously. Then, through the thermodynamic state balance, the temperature fluctuations are further increased. This constitutes a physical mechanism with positive feedback between the chemical reactions and the turbulent fluctuations.
For high levels of heat release, the level of compressibility increases. Therefore, the magnitude of the temperature fluctuations is increased as well. As the gas reaches chemical equilibrium, the amount of energy that is being removed is the same as the amount of energy that is being released into the flow. 
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At this point, the amplitude of the temperature oscillations remains nearly constant. The energy released into the flow due to the chemical reactions increases the local temperature, and as a result increases the local pressure. These pressure fluctuations are converted to kinetic energy through the reversible work term, pV • u in the energy equation. They have a characteristic period; in time units normalized by the turbulent time scale, this period is proportional to the Mach number. Therefore, the fluctuations in density, pressure, and temperature propagate as acoustical waves through the three-dimensional periodic box.
Because the internal energy increases continuously with time, it is difficult to observe the equipartition between the kinetic energy and the internal energy, that would be present if the reversible work term was responsible for the conversion of local temperature fluctuations. However, if we study the ratio of the compressible kinetic energy to the normalized fluctuating internal energy, we observe an equipartition of energy. Consider Fig. 15 , which plots the temporal evolutions of the normalized fluctuating internal and compressible kinetic energies for three different simulations. In all cases, we observe that the fluctuating internal energy and compressible energy oscillate in phase. Therefore, the chemistry does reversible work on the turbulence. This agrees with the previous explanation that due to the temperature fluctuations some of the internal energy is converted into compressible kinetic energy. This feedback process may have major importance in reacting turbulent boundary layers. In the case of a cold or catalytic wall, exothermic reactions such as the one considered here occur. Under any small perturbation of the flow field, this physical mechanism will generate and feed itself, enhancing the turbulence and chemical effects (and potentially destabilizing the flow in the boundary layer). The above discussion also applies to the case of endothermic reactions, where the feedback is negative, and therefore stabilizing.
VIII. Conclusion
In this paper we consider how finite rate reactions interact with homogeneous, isotropic turbulence. We find that there is a feedback mechanism between the turbulence and the chemistry. In the case of exothermic reactions, temperature fluctuations increase the reaction rate, which increases the rate of energy released to the flow. This increases the temperature, and through the equation of state, the pressure. The higher temperature causes the reaction rate to be further increased, and the increased pressure causes the gas to expand. This results in energy transfer from the internal energy to the kinetic energy, increasing the dilatational modes of the turbulent motion. We see clear evidence of the process through increased levels of the rms temperature fluctuation and fraction of the kinetic energy in the compressible modes. It is important to note that the simulations with exothermic reactions show dramatically increased levels of energy at high wavenumbers, indicating that the heat release increases the turbulent energy in a scale-independent fashion. These effects are reverse for endothermic reactions.
